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Time of growth model for proteolytic Clostridium

botulinum

A model was developed to predict the time for growth of 10* spores/tube of prote-
olytic strains of C. botulinum in sealed tubes of broth media with varying pH (5-7),
NaCl levels (0-3%) and storage temperatures (15-37°C). The proportion of positive
samples from a set of inoculated tubes of an individual treatment combination were
fitted to a logistic function having parameters for the time to turbidity, the rate at
which tubes become turbid and the proportion of positive tubes after 62 days. These
three parameters were then fitted to multiple regression equations where pH, NaCl
levels and temperature were the descriptive parameters. Sodium chloride (<3%) had
little effect on the time for growth, but temperatures below 20°C and pH values

below 5-5 greatly delayed growth.

Introduction

The hazard evaluation of a micro-organ-
ism such as C. botulinum, which origi-
nates from dormant spores and pro-
duces a potent neurotoxin, is more
concerned with the germination-lag
time than the rate of growth. Growth
and toxin production are usually rapid
compared to the time for germination
and outgrowth. The potency of the toxin
means any growth is unacceptable even
though most of the toxin is not produced
until the latter portion of the exponen-
tial growth phase (Siegel and Metzger
1979). Therefore, growth models such as
the Gompertz (Gibson et al. 1987,
Buchanan et al. 1989), square root
(Ratkowsky et al. 1991) or kinetic-mech-
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anistic (Baranyi et al. 1993, Whiting
and Cygnarowicz-Provost 1992) are not
appropriate.

Roberts et al. (1981) developed a prob-
ability model for botulinal toxin forma-
tion in a model pork slurry system as a
function of various environmental and
treatment factors. This model only esti-
mated the probability of toxin being pre-
sent within a 6 month period, but did
not estimate at what time during this
period it became toxic. Hauschild et al.
(1982) added serially increasing num-
bers of spores to liver sausages and esti-
mated the probability of toxin produc-
tion from a single spore within a
specified time period with use of the
most probable number (MPN) tables
(Oblinger and Koburger 1984). Baker et
al. (1990) also utilized serial concentra-
tions of spores and MPN tables to calcu-
late the probabilities of spore outgrowth
and toxin formation with storage time
in fish. Samples were incubated at



different temperatures and polynomial
regression equations were calculated to
describe probability of toxin formation
as a function of temperature, inoculum
and atmosphere.

These models provide an incomplete
description of spore outgrowth and toxin
production by not including the time of
growth or toxin formation or they are
based upon limited number of sample
tubes, 3 or 5 MPN tubes for example, at
the less favourable environmental con-
ditions, which are most important con-
ditions for modelling. This paper pro-
poses a comprehensive primary model
(Whiting and Buchanan 1993) that de-
scribes the accumulating number of pos-
itive samples with increasing storage
time. The three parameters in the
model provide information on time to
turbidity, the rate at which samples be-
come turbid, and the proportion of sam-
ples which never become turbid. Data
for C. botulinum were fitted to the func-
tion and then multiple regression equa-
tions (a secondary model) were used to
describe the effects of pH, NaCl level
and temperature on the values of the
function’s parameters.

Materials and Methods

C. botulinum

A six strain mixture of three type A (69,
FDA; 62, FDA; 33, U.S. Army Lab., Natick,
MA, USA) and three proteolytic type B (169,
FDA; 999, FDA; ATCC 7949) was prepared
by growing each strain in BAM broth (Huh-
tanen 1975) at 35°C inside an anaerobic
chamber (Coy Laboratory Products, Inc.,
Ann Arbor, MI, USA) for 3 weeks. Spores
were centrifuged and washed with water
and stored in water at 4°C. Purity of the
spore preparations was determined by grow-
ing on BAM agar and observing the Gram
strain and catalase reaction (negative).
Plates incubated aerobically were negative.
Each spore preparation was enumerated by
serial dilutions, plating (Spiral Systems,
Inc., Bethesda, MD, USA) and incubating
(35°C) inside the chamber. Equal numbers of

spores from each strain were combined to
make an inoculating spore preparation of 10°
spores ml™

Treatments

Sodium chloride (0-3% w/v) was added to
aliquots of BAM broth and the pH (5-7) was
adjusted with 0-1 N HCI. Culture tubes with
10-0 ml of broth were autoclaved and kept
hot (c. 80°C) for inoculation with 0-1 ml of
the spore mixture (10* spores tube™). Ap-
proximately 2-3 ml of melted, sterile VAS-
PAR (45% paraffin, 55% white petroleum)
was poured onto the broth. The spores were
then heat shocked in 80°C water for 10 min.
The tubes were air cooled without being dis-
turbed so the VASPAR solidified into a plug
on top of the broth. The tubes were incu-
bated at 15, 20, 28 or 37°C and observed fre-
quently over a 62 day period for signs of tur-
bidity. The time for turbidity was recorded
and an extra two days was then allocated to
ensure sufficient toxin for detection. Sam-
ples were stored in the refrigerator for toxin
confirmation by enzyme-linked immuno-
assay procedures (ELISA) (Huhtanen et al.
1992). Rapid growth conditions had a mini-
mum of six tubes per treatment combina-
tion, slow growth conditions had up to 28
tubes per treatment. The total number of
inoculated tubes in 28 treatments was 463.

Modelling

The probability of growth was calculated as
the number of tubes showing signs of growth
in each treatment combination divided by the
total number of tubes in that treatment. The
probability of growth as a function of storage
time was fitted to the following function by
the RS/1 statistical program (BBN Software
Products Corp, Cambridge, MA, USA).

Py = P/ (1 +H7)

P, probability of growth at ¢;

t, ~ time (days);

P,,.. maximum probability of growth after
62 days;

k, rate constant (days™);

7, time of the midpoint of the function
(days).

€))

Py initially had a value of 0-0 and can in-
crease to 1.0 if all the replicate tubes have
growth. The 7 value is the time for half of the
replicates that will become toxic to show tur-
bidity. The values for P,,,,, k and 7 were de-



Table 1. Time for turbidity in selected treatments.

Treatment
Temp NaCl Total number Time each tube became turbid
°C) pH (%) of tubes (days)
20 7 3 15 666667778810101217—
20 5.5 0-75 18 616161924313134 ——— — — — — — — —
20 5 0 19 505255555759 —— — — — — — — — — — — —

—, Tube did not become turbid within 62 days.

termined for each of the 28 treatment combi-
nations. Regression procedures for the effect
of the descriptive parameters (pH, NaCl and
temperature) on each of the regressed pa-
rameters (P,,, ¢ and 7) was performed to
find the best equation using RS/1. The func-
tion was solved for ¢ with Py, set to 0-1. This
gave the estimated time for 10% of the
samples to show growth.

Results

To illustrate the general patterns of in-
creasing numbers of positive tubes with
storage, data from three of the 28 treat-
ment combinations are shown in Table 1.
The first combination, a favourable con-
dition, had the first turbid tubes after 6
days. Additional tubes had growth
through day 17; the one remaining tube

did not become turbid for the remaining
storage period. The second treatment
also had the first tube become turbid on
day 6, but additional growth was slower
and only 8 of 18 tubes had growth after
62 days. The last treatment combina-
tion was least favourable, the first tur-
bidity occurred on day 50 and only 6 of
19 tubes had growth after 62 days.
Figure 1 shows the graph of the prob-
ability of growth with time for these
three treatment combinations. The
toxin assays established that the turbid
samples contain toxin and the tubes
clear after 62 days did not. The ELISA
was sensitive to approximately 10
mouse units of toxin/ml.

The fits of the primary model to each
of the treatment combinations and the
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Fig. 1. Fraction of positive samples with time for selected treatment combinations. Designa-
tions are temperature, pH and NaCl levels, respectively. Symbols represent data, the line
represents the fit of that data to the model (Eqn 1).



Table 2. Fitted and calculated values for P,,,,, k and rat each treatment combination.

Observed values Calculated values Time
Temperature NaCl for
(°C) pH (%) Prox se.Ppo. kB sek 1 ser P, k 1 Py=01
35 7-0 0-00 091 033 46 48 12 06 1.03 48 1.2 0-7
35 70 3-00 091 033 46 48 12 06 088 39 1.3 0-8
35 6-0 0-00 084 001 39 04 26 01 078 3.7 20 1.5
35 60 1.50 084 004 31 06 22 01 086 33 21 1.5
35 55 0-75 093 002 49 07 16 01 0-74 28 3.0 2.3
35 50 0-00 057 002 08 01 69 02 055 2.3 45 39
35 50 3.00 051 004 06 01 45 04 054 1.5 4.8 3-8
28 70 0-00 1.00 022 19 07 22 06 112 25 1.8 0-9
28 70 3-00 090 003 11 03 33 02 094 16 23 1.0
28 60 0-00 099 013 04 02 33 1.0 083 19 33 2.2
28 60 1.50 1.00 009 06 01 42 05 088 15 36 2-2
28 55 075 064 001 06 01 36 03 075 13 5.1 36
28 5.0 0-00 034 001 41 04 55 01 055 1.1 176 6-3
28 50 3.00 035 001 05 01 11.7 05 0-50 02 88 23
20 70 - 0-00 1.00 002 22 03 43 01 096 14 62 4.7
20 70 3.00 088 002 10 01 69 02 075 05 85 49
20 60 0-00 064 003 33 06 56 01 062 14 11.5 103
20 6-0 1.50 079 004 61 00 158 0.1 066 1.0 132 115
20 55 075 053 006 01 00 249 22 051 12 185 173
20 5.0 0-00 033 002 05 01 546 04 029 1.3 279 273
20 50 3.00 028 001 09 02 283 03 021 04 351 348
15 7.0 0-00 093 001 02 00 241 03 073 16 194 182
15 70 3-00 035 010 04 01 256 16 049 07 280 26-1
15 60 0-00 012 002 4.0 22 .563 02 0-36 20 366 362
15 6-0 150 026 003 28 12 498 03 038 16 434 428
15 55 075 0-00 0-0* 022 2.0 60-5 604
15 5.0 0-00 020 005 04 02 543 21 000 22 91.0 b
15 50 3-00 0-00 0.0% -0-11 1.4 1211 b

*No growth in any tube in this treatment.
"No growth predicted.

standard error for each parameter are
given on Table 2. The large standard
errors for the first two combinations
resulted from all the replicate tubes be-
coming turbid after one day, the absence
of the intermediate data points gave a
high standard error. With temperature,
pH and NaCl level the descriptive vari-
ables, regression equations for the pa-
rameters were calculated (secondary
model) (Table 3).

The primary model function Eqn (1)
can be rearranged to calculate the time
for the probability to reach a particular
value.

t = 742-3110g((P,o/ Py)-1Vk)  (2)

The times for P, = 0-1 are calculated
for each of the 28 treatments using the
appropriate values of P,,., k and 7
(Table 2).

Discussion

Nordin et al. (1975) described the pat-
tern of growth from C. botulinum spores
as having a lag period then a rapid out-
growth followed by no additional out-
growth. Graphic representations were
presented by Ivey and Robach (1978),
Tompkin (1978a, 1979), Sofos et al.
(1980) and Sofos (1985). The primary
model describes the pattern of observa-



Table 3. Regression coefficients and their significance for the effect of descriptive
parameters (temperature, pH and % NaCl) on model parameters (P,,,,, &, 7).

Pmax ka 10g107'

Term Coefficient Significance Coefficient Significance Coefficient Significance
C -3-613 0-33 12-36 0-05 8-156 0-07
Temp 0-1655 0-00 -1.058 0-03 —-0-2004 0-01
pH 0-3831 0-75 -1.0774 0-45
NaCl 0-2063 0-38 —0-288 0-21 0-0397 0-89
Temp X pH —-0-00622 0-24 0-0785 0-11 0-0020 0-77
Temp X NaCl  0-00151 0-64 -0-0016 0-70
pH X NaCl —0-0222 0-42 0-0059 0-86
Temp? —-0-00213 0-01 0-0134 0-06 0-0025 0-01
pH? 0-00630 0-94 -0-126 0-24 0-0593 0-61
NaCl? -0-0510 0-30 -0-0012 0-98
F value 10:7** 3.2% 21.1%*
R? 0-84 0-44 0-92

2Missing coefficients were deleted during backwards elimination of regression terms.

*Significant at the 95% level.
**Significant at higher than 99% level.

tions of a time for growth experiment in
these papers more completely than does
a mean or another way of expressing the
data. The number of replicate tubes for
a particular treatment combination can
be increased for additional precision if
P, is small or if accurate estimates of
times for growth at low P, values are
desired.

Inferences to the behaviour of a single
spore are not directly possible with the
data in this paper. Having several inoc-
ulation levels would provide an estimate
of the behaviour of low numbers of
spores found in most foods by allowing
inocula number to be an additional fac-
tor in the regression equation. The prob-
ability of growth from single spore mod-
els based upon MPN designs (Baker et
al. 1990) do not provide more precise in-
formation because the conditions of slow
or limited growth typically rely on the
data from only three tubes each of two
serial dilutions with high inocula that
have growth.

P,.. and log 7 had significant regres-
sion coefficients (P<0-01) and R? values

of 0-84 and 0-92, respectively. As is typi-
cal for time parameters, the regression
equation for log = was better than for 7,
F values were 21-1 and 12.4, respec-
tively. The complete second-order re-
gression equation was used to calculate
the values for P,,. and 7 on Table 2,
even though only the temperature terms
were significant. The slope (k) was not
consistently affected by temperature,
pH or NaCl levels and the complete re-
gression equation was not significant
(P>0-05). Therefore, backwards elimi-
nation of terms was performed until a
significant regression equation was ob-
tained that did not calculate any nega-
tive values for k. This equation still had
a low R? of 0-44. Comparison of observed
values for P, and 7 with those calcu-
lated by the regression equations
showed good agreement. The combina-
tion of 20°C—pH 5-0% NaCl had the
worst agreement for 7. This appeared to
be an anomaly of the data rather than
the regression equations. The calculated
P,,.. did have values greater than 1.0 at
two rapid growth conditions and a value



less than 0-0 at a non-growth condition,
but these do not greatly affect the use of
the model. The calculated 7 values for
the last three conditions exceed 60 days
and should be interpreted as > 60 days. A
spreadsheet was created to take entered
values of temperature, pH and NaCl
levels and calculate P,,,,, 2 and 7. These
parameters were then used to solve the
primary model (Eqn 1) for the probabil-
ity of growth at each day of storage
which was displayed as a graph. This
showed that temperature and pH are
more important than NaCl (<3%) in
controlling growth. Times for growth
are greatly increased and the maximum
probabilities of growth are decreased
when the temperature is less than 20°C
or the pH below 5.5.
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